Abstract. In-situ single particle analysis of ice particle residuals (IPR) and out-of-cloud aerosol particles was campaign more than 70000 out-of-cloud aerosol particles and 595 IPR were analyzed covering a particle size 16 diameter range from 100 nm to 3 µm. The IPR were sampled during 273 hours while the station was covered by 17 mixed-phase clouds at ambient temperatures between -27 °C and -6 °C. The identification of particle types is 18 based on laboratory studies of different types of biological, mineral and anthropogenic aerosol particles. As 19 outcome instrument specific marker peaks for the different investigated particle types were obtained and applied 20 to the field data. The results show that the sampled IPR contain a larger relative amount of natural, primary 21 aerosol, like soil dust (13 %) and minerals (11 %), in comparison to out-of-cloud aerosol particles (2 % and 22 <1 %, respectively). Additionally, anthropogenic aerosol particles, like particles from industrial emissions and 23 lead-containing particles, were found to be more abundant in the IPR than in the out-of-cloud aerosol. The out-24 of-cloud aerosol contained a large fraction of aged particles (30 %, including organic material and secondary 25 inorganics), whereas this particle type was much less abundant (3 %) in the IPR. In a selected subset of the data 26 where a direct comparison between out-of-cloud aerosol particles and IPR in air masses with similar origin was 27 possible, a pronounced enhancement of biological particles was found in the IPR. 
Aerosol Mass Spectrometer

1
The size-resolved chemical characterization of the aerosol particles was done with the single particle mass 2 spectrometer ALABAMA (Brands et al., 2011) . The ALABAMA consists of three parts: inlet system, detection 3 region and ablation/ionization region. An aerodynamic lens (Liu-type; Liu et al., 1995b; Liu et al., 1995a; 4 Kamphus et al., 2008 ) and a critical orifice form the inlet system of the ALABAMA, which transmits the 5 particles into the vacuum system and focusses the aerosol particles to a narrow beam. At the exit of the 6 aerodynamic lens the particles are accelerated depending to their particle size to a velocity of about 50 -100 ms -7 1 . For optimal working conditions the critical orifice limits the sampling flow to 80 cm 3 min -1 and reduces the 8 pressure in the aerodynamic lens to 3.8 hPa. The desired lens pressure was set using a critical orifice with a 9 variable diameter to account for the low ambient pressure at the Jungfraujoch (approx. 650 hPa).
10
A skimmer separates the inlet system and the detection region (second pumping region). The detection region
11
consists of two continuous wave detection lasers (Blu-Ray laser; InGaN, 405 nm), which are orthogonal to the 12 particle beam. The particles pass through the two laser beams and the scattered light is reflected by an elliptical 13 mirror and detected by a photomultiplier tube (PMT). The particle velocity can be determined from the time 14 period a particle needs to pass both detection lasers. By calibration with particles of known size the vacuum 
Single Particle Data Evaluation
28
The data evaluation was done using the software package CRISP (Concise Retrieval of Information from Single
29
Particles, Klimach, 2012) , based on the software IGOR Pro (Version 6, Wave-Metrics), following the procedures 30 described in Roth et al. (2016) . CRISP includes mass calibration, the conversion of mass spectra into so-called
31
"stick spectra" by integration over the peak width of the ion signals, as well as different possibilities to sort the 32 mass spectra into groups of clusters of similar spectra. This sorting can be done by the operator or with one of 33 the three implemented cluster algorithms: fuzzy c-means (e.g. Bezdek et al., 1984; Hinz et al., 1999; Huang et 34 al., 2013), k-means (Hartigan and Wong, 1979; Rebotier and Prather, 2007) or minimum spanning tree (Gower 35 and Ross, 1969) . Differences between the clustering algorithm k-means and fuzzy c-means and the relevance and 36 impact of some clustering parameters are described in detail in Roth (2014) . The data presented in this work are 37 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -365, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 9 June 2016 c Author(s) 2016. CC-BY 3.0 License.
based on evaluation with the fuzzy c-means algorithm with subsequent manual sorting. The details of the 1 evaluation process are described in the following paragraph:
2
The result of the clustering depends significantly on the chosen clustering parameters, especially the selected 3 number of start clusters. If this number is too small, rare fragmentation patterns (representing presumably a rare 4 particle type) are possibly not found. For that reason a high number of start clusters was chosen to assure that 5 also seldom fragmentation patterns are considered in the data evaluation (for instance for the out-of-cloud data 6 set from the JFJ campaign 2013 a number of 200 cluster was chosen; for a known particle composition as 7 sampled during the laboratory studies a number of 10 to 50 cluster was chosen depending on the number of 8 spectra). After the mass calibration all spectra were clustered using the fuzzy c-means algorithm (see Table 1 for 9 the adopted clustering parameters). Depending on the chosen clustering parameters, the algorithm yields a 10 specific number of clusters. Each cluster includes a specific number of mass spectra based on the calculated 11 membership and distance (Pearson correlation). From all mass spectra in a cluster an average spectrum is 12 calculated which is used for the identification of the particle type represented by each cluster. All mass spectra 13 which did not fulfill the distance criterion compared to any of the clusters are sorted in the "rest cluster".
14 Afterwards, all average spectra were manually examined with respect to the presence of specific peaks (marker 15 peaks), which help to identify the particle type. At the end all clusters of the same particle type were merged.
16
Laboratory measurements
17
Classification of the different particle types based on typical marker peaks can be done using published single
18
particle mass spectra and the identified corresponding marker peaks from the single particle mass spectrometer
19
literature. However, dependent on ablation laser wavelength and the energy density at the ablation point, these 20 marker peaks are likely to be instrument-specific. Therefore a large set of laboratory reference mass spectra was 21 recorded using the ALABAMA with the objective to determine instrumental specific marker peaks allowing for 22 a more precise particle type classification. These instrument-specific marker peaks are expected to be valid only
23
for the current configuration of the instruments, because parameters like ablation laser wavelength and energy 24 density are likely to influence the ionization efficiency and the ion fragmentation pattern. Because of the high 25 abundance of organic material in the atmospheric aerosol from natural or anthropogenic emissions (Hallquist et 26 al., 2009; Kroll and Seinfeld, 2008; Zhang et al., 2007; Murphy et al., 2006 ) the focus was put on the distinction 27 of different types of organic material depending on the sources. Additionally, different mineral particle types
28
were investigated in order to differentiate more unambiguously between biological and mineral aerosol (e.g. soil 2003) chamber at the Karlsruhe Institute for Technology (KIT).
32
The various particle types were generated for the measurements as suspension or as "washing water" (e.g. from
33
pollen or bacteria), as mechanically dispersed solid particles (e.g. cellulose, minerals or ground leaves), or they
34
were directly produced by combustion (e.g. from biomass burning, fuel exhaust, soot, cigarette smoke or 35 cooking/barbeque emissions). No size selection of the generated particles was done before transferring the 36 particles into the ALABAMA. Coating experiments also were conducted with sulfuric acid and secondary
37
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organic aerosol (SOA; produced by ozonolysis of α-pinene) coatings on mineral dust particles to mimic 1 atmospheric aging processes.
2
For the determination of the specific marker peaks only those mass spectra that represented the majority of the 3 different fragmentation patterns were considered. Using these marker peaks biological, mineral and 4 anthropogenic particle types can be differentiated from each other. However, it has to be taken into account that 5 the same particle type can show different fragmentation patterns and that different particle types can also show 6 similar fragmentation patterns. Thus, for precise identification of the particle type, simultaneous measurements 7 of ions of both polarities (anions and cations) by the mass spectrometer is a great advantage, because in many 8 cases the most characteristics signals are only present in one polarity (predominantly in the cation spectra). 
17
Due to the exposed mountain rim position and the altitude level of the Jungfraujoch the Sphinx Laboratory is 18 mainly situated in the free troposphere in winter time (Lugauer et al., 1998) , and is therefore not much affected
19
by local and near-ground emissions. The Jungfraujoch is located in a saddle position between the mountains
20
Mönch and Jungfrau, such that locally the air masses can arrive only from two different directions: From north-
21
west over the Swiss Plateau (wind direction of approx. 315 °) or from south-east over the Inner Alps via the
22
Aletsch Glacier (approx. 135 °) (Hammer et al., 2014) . During the measurement campaign the IPR were sampled 23 out of orographic, convective and non-convective clouds.
24
IPR were sampled by the Ice-CVI from orographic, convective and non-convective clouds. Under cloud 25 conditions the ALABAMA was connected to the Ice-CVI, whereas during cloud-free conditions, the instrument 26 sampled through a heated total aerosol inlet (total; 20 °C; Weingartner et al., 1999) . Both inlets were installed on 27 the roof of the Sphinx Laboratory.
28
The switching between both inlets was done manually, depending on the prevailing cloud conditions
29
The connection to the two inlet systems limited the maximal particle size of the particles reaching the The Ice-CVI was designed to sample small, fresh ice particles (< 20 µm) out of mixed-phase clouds. A detailed 4 description and instrumental characterization is provided in Mertes et al. (2007) , therefore the system is 5 described here only briefly.
6
The Ice-CVI consists of three main separation sections (omnidirectional inlet, virtual impactor (VI) and pre-7 impactor (PI)) and a CVI (counterflow virtual impactor). The omnidirectional inlet transfers particles with a 8 particle size up to 20 µm from the aspired air without influences of precipitation and wind. To remove larger 9 particles which entered the inlet system owing to precipitation or wind and to get a defined upper sampling size, 
25
The sampling principle of the Ice-CVI leads to an enrichment of the sampled particles, which is calculated by the 26 flow ratio before and inside the CVI inlet.
27
The Ice-CVI samples only ice crystals smaller than 20 µm. Such small ice crystals have grown only by water 28 vapor diffusion and have an age of less than 20 seconds (Fukuta and Takahashi, 1999 Table 3 with their specific marker peaks. There are certain particle types where 2 the number of mass spectra containing specific and unique marker peaks is relatively low (e.g. grounded maple 3 leaves, brown coal, desert dust and volcano dust). This results partially in high uncertainties in the identification 4 of these particle types in ambient data 5 
13
Additionally, also similarities between particle types from two different classes occur: Sea salt (industrial 14 produced; Sigma Aldrich) and particles from cooking/barbecue emissions have similar fragmentation patterns in 15 the cation spectra (m/z 46, 81, 83, 97, fragments of sodium/potassium components).
16
Cigarette smoke produced in two different ways was also measured: smoldering cigarette smoke and cigarette 17 smoke which was firstly inhaled. The particles from smoke after inhalation do not show any PAH fragmentation.
18
But both types of cigarette smoke could not be unambiguously identified.
19
Some rare fragmentation patterns from pollen and biomass burning particles show similarities within the cation 20 spectra (only one sodium (m/z 23) and potassium (m/z 39) peak). Summarizing, it was found that in general the 21 presence of both polarities is of great importance for an unambiguous identification of a specific particle type.
22
Only few particle types, as for example the anthropogenically produced particle types show distinct marker 23 peaks the cation spectra that are sufficient for identification.
24
Results on IPR composition and out-of-cloud aerosol at the Jungfraujoch 25
Identified Particle Types
26
Altogether 71064 background aerosol particles were analyzed during 217 h measurement time and 595 IPR 27 during 111 h measurement time. For the identification of specific particle types the marker peaks that resulted 28 from the laboratory studies were applied to the Jungfraujoch data. Although, as mentioned above, the presence of 29 both polarities allows in general for a better classification, the application of the marker peaks only for the 30 cations yielded also useful results, because many distinguishing characteristics are found in the cation spectra 31 (Table 3 ). In this way 13 different particle types were identified. The average spectra of each particle type with 32 the highlighted marker peaks are shown in Fig. 1 .
33
The particle types "biomass burning" and "soot" show both the typical Cn-fragmentation (C1 -C7, m/z 12 … 84) biological components).
6
The laboratory data have shown that particles produced from cooking emissions and sea salt particles have the 7 same cation fragmentation pattern. Thus, both particle types cannot be distinguished in this data set and therefore 8 were merged.
9
Also from the particle type "aged material" two different fragmentation patterns were found. The first one shows 10 peaks at m/z 27 and 43 (fragments of organic material related to secondary organic aerosol) with a high relative
11
intensity. The other one shows peaks at m/z 92, 108 and 165, which points to nitrate and sulfate containing 12 compounds.
13
The particle types "engine exhaust" and "PAH" were identified through the corresponding reference spectra and 14 marker peaks from the laboratory studies.
15
The particle type "industrial metals" is marked by peaks of metal ions typically occurring in urban or industrial 
32
Therefore, the lead containing particles described here are not considered as artifacts of the Ice-CVI.
33
Mineral dust particles ("minerals") were also found in the aerosol particles sampled during the JFJ campaign.
34
This particle type was identified based on the marker peaks from the laboratory studies as well.
35
The types "K dominated" and "Na + K" are subcategories of the type "other", but are not clearly assignable to a 36 certain particle type. As we inferred from the laboratory studies both particle types could originate from 37 biological particles (e.g. pollen) or from biomass burning. On the other hand it is also possible that the "K 38 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -365, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 9 June 2016 c Author(s) 2016. CC-BY 3.0 License.
dominated"-type is a fragmentation pattern of an inorganic salt (e.g. K2SO4). An unambiguous classification of 1 these particle types from cation spectra only is not possible.
2
Most of these particle types do not represent pure particles like those investigated during the laboratory studies.
3
The particles contain also other substances (as can be seen in the mass spectra) but here the most prominent 4 marker peaks were used to identify the dominating particle type 5
The type "others" includes all spectra which could not be unambiguously identified as one of the introduced 6 particle types. This may partly be due to missing reference spectra, such that a further extension of the reference 7 data base will allow for an identification of particles in the "other" fraction, but also due to complex mixtures of 8 particles that cannot be identified here, especially because the anions were not available. 
IPR composition compared to out-of-cloud aerosol particles
10 Figure 2 shows the relative abundance of the identified particle types in all aerosol particles sampled out-of-
11
cloud in comparison to all sampled IPR during all cloud periods.
12
In comparison to the out-of-cloud aerosol the IPR ensemble shows a higher relative amount of particles from 13 natural sources (e.g. primary biological particles and sea salt, but also biomass burning particles generated from 14 forest fires can be related to natural sources). Between about 43 and 50 % of the identified particle types can be 15 attributed to natural sources; the uncertainty range is mainly due to the inability to separate between sea salt 16 particles and cooking emissions. Additionally, the IPR has a higher fraction of lead containing particles (7 %), 
26
The detection of potassium in laser ablation mass spectrometry is very efficient. In a laser ablation mass 27 spectrometer the intensity of the peaks depends on the ionization efficiency. Potassium is easily ionized, such 28 that a small amount of potassium in a particle results in a large peak and will suppress the peak intensity of other 29 components with lower ionization efficiencies.
30
It is unexpected that the IPR ensemble contains particles from engine exhaust but not particles from biomass 31 burning, because the latter are also assumed to have good ice nucleation ability (Kamphus et al., 2010; Twohy et 32 al., 2010; Pratt et al., 2011; Prenni et al., 2012) . Additionally, lead-containing particles and particles from engine 33 exhaust were found in INP composition (Kamphus et al., 2010; Corbin et al., 2012) . Due to the finding that the 34 same relative abundance of the particle type "PAH/soot" is found in both particle populations (12 %) and the
35
finding that biomass burning particles as well as particles from engine exhaust show an organic fragmentation 36 pattern, further research is necessary to determine which specific property of these particle types enables their ice 37 nucleation ability.
38
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15
From the observation that certain particle types are enriched in the IPR ensemble whereas other are less 16 abundant, some general statements on the ice nucleation ability of these particle types can be made:
17
High ice nucleation ability can be inferred for soil dust, minerals, sea salt/cooking emissions, particles from 18 engine exhaust, lead containing particles and industrial metals. Lower ice nucleation ability can be assumed for
19
aged material, potassium-dominated particles and particles from biomass burning.
20
For those particle types that occurred in the same percentage in the out-of-cloud aerosol and in the IPR 
33
The size distribution of the IPR analyzed by ALABAMA (Fig. 3a, right ordinates) shows in comparison to the 34 out-of-cloud aerosol (Fig. 3b ) a wider distribution, especially to the larger particles size (d > 1000 nm). It must 35 be emphasized here that the ALABAMA size distribution does not represent the "real" ambient size distribution
36
but is a function of the detection and ionization efficiency, which is optimal around 400 nm. Therefore, the (Figs. 3b and 3d ) do not show a maximum for particle 1 diameters above 250 nm (the lower detection limit of the Sky-OPC), but a decrease of the particle number 2 concentration with increasing particle diameter.
3
The size-resolved chemical composition of the IPR (Fig. 3a) does not show a clear relationship between size 4 distribution and particle type, partly caused by the low counting statistics. In the lowest size bin (100 -200 nm) 5 the fraction of biological and PAH/soot is highest, while mineral particles (minerals and soil dust) are enhanced 6 in the size range between 300 nm and 800 nm. Industrial metal particle are only present in the size range from 7 300 nm up to approximately 1800 nm.
8
The out-of-cloud aerosol shows an increased number of biological particles between 200 and 400 nm and larger 9 than 1000 nm. The number of potassium-dominated particles is enhanced up to about 600 nm while the highest 10 number of biomass burning particles is found in the size range from 300 nm up to 1000 nm. Thus, the potassium-
11
dominated particles seem to originate more likely from biological particles or from inorganic salts than from 12 biomass burning. In contrast, the number of 'Na+K'-particles is enriched at higher sizes (> 500 nm), suggesting 13 another source for this particle type.
14 According to Fig. 3b the larger sized IPR (d > 1 µm) are present at a higher fraction of the total particle number 15 than the same sizes are in the out-of-cloud aerosol (Fig. 3d) . This confirms the assumption that larger particles 
34
The back trajectory calculations show that the air masses of both sample periods have similar, but not completely 2 Figure 6 shows the composition of the out-of-cloud aerosol and the IPR ensemble during these two sampling samples exceeds that of the total IPR sample (Fig. 2) , whereas for the out-of-cloud sample it is smaller (cf. Fig.   10 2). Here the variability due to different sampling times, temperatures, and air mass origins may play a role. The 11 high amount of particles from biomass burning in the out-of-cloud aerosol indicates that the air masses were 12 most likely influenced by local emissions shortly before arrival at the measurement station, but still these 13 biomass burning particles are not found in the IPR ensemble.
14 It has further to be noted that one air mass during the out-of-cloud sample period has a different pressure history 15 than the others: It rose up to about 400 hPa at about 50 h ( 
30
We have conducted laboratory measurements of various types of aerosol particles in order to obtain references 31 mass spectra for the single particle mass spectrometer ALABAMA. The results show that there are different 32 particle classes, which can be unambiguously differentiated from each other by using specific marker peaks. The 33 derived specific marker peaks can be applied to interpret field data where ice residuals from mixed-phase clouds 
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2
Absolute number of particles and percentages are given.
3
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